The adsorption of Methylene Blue, a Basic dye, onto the nonliving biomass of marine algae and freshwater macrophyte was investigated by batch experiments. Such adsorption onto both adsorbents was pH-independent. The experimental data were analyzed using pseudo-first-order and pseudosecond-order kinetic equations, the results suggesting that the data were described well by both models. Intraparticle diffusion played an important role in the mass-transfer process. Methylene Blue adsorption onto both adsorbents at 20 o C was also evaluated by the Freundich and Langmuir isotherms. The maximum adsorption capacities were 155.31 mg/g for Laminaria japonica (LJ) biomass and 150.39 mg/g for alligator weed (AW) biomass, respectively. The effects of adsorbent concentration and ionic strength on Methylene Blue adsorption were also investigated. The adsorbents investigated could serve as low-cost adsorbents for removing Methylene Blue from aqueous solution.
INTRODUCTION
The disposal of dye effluents from various industries such as textile, rubber, paper, plastics, cosmetics, paints and varnishes and leather is of great concern due to their toxic and carcinogenic nature and non-biodegradability (Robinson et al. 2001 ). In order to minimize possible damages to humans and the environment arising from these effluents, various treatment technologies such as adsorption, nano-filtration, electrokinetic coagulation, coagulation and precipitation, advanced chemical oxidation, electrochemical oxidation, ozonation, supported liquid membrane, liquid-liquid extraction and biological processes have been employed for the removal of dyes from wastewaters (Robinson et al. 2001; Chuah et al. 2005; Mahmoud et al. 2007; Crini 2006) . Activated carbon is the most popular for the removal of a wide variety of dyes from wastewaters (Crini 2006) . However, activated carbon presents several disadvantages, such as high cost and low selectivity, which have led many workers to search for more economical substitutes (Malik 2003) . Table 1 lists various low-cost adsorbents applied for the removal of Methylene Blue from aqueous solution.
Methylene Blue is an important Basic dye which is widely used for printing calico, dyeing, printing cotton and tannin, and dyeing leather. Although not particularly hazardous, Methylene Blue can have various harmful effects (Hamdaoui and Chiha 2007) . The aim of the present study was to investigate the potential of using non-living biomass of marine brown algae (Laminaria japonica, LJ) and freshwater macrophyte (alligator weed, AW) as low-cost adsorbents for the removal of Methylene Blue from aqueous solution. The effects of solution pH, contact time, adsorbent concentration and ionic strength on the adsorption process were investigated. The two commonly used isotherm equations, Freundlich and Langmuir, were employed to quantify the adsorption equilibrium. Several kinetic equations including the pseudo-first-order equation, the pseudo-second-order equation and the intraparticle diffusion model were applied to investigate the adsorption mechanisms and the potential rate-controlling steps.
MATERIALS AND METHODS

Adsorbents
The untreated adsorbents, alligator weed (AW) and Laminaria japonica (brown algae) (LJ), were washed with de-ionized water to eliminate the remains of sediments and particulate matter, dried in an oven at 105ºC for a period of 24 h, and then ground and sieved to obtain the 150-250 µm size fraction.
Adsorbate
The Methylene Blue (C.I. name: Basic Blue 9; CAS number: 7220-79-3; colorant thiazin; C.I. number: 52015; λ max = 663 nm) utilized was the commercial salt. Its structure is illustrated in Figure 1 .
Preparation of the dye solution
De-ionized water was used in all experiments. A stock solution of the dye of concentration 100 mg/ᐉ was prepared and subsequently diluted to the required concentrations. The dye solution was prepared immediately before use so that its exposure to light was minimized.
Analytical techniques
The calibration curve for the dye was prepared by recording the values of the absorbance over a range of known dye solution concentrations at the wavelength for the maximum absorbance (λ max = 663 nm) of the dye. All measurements were made on a UV-vis spectrophotometer (UNICO-7200).
Experimental
Batch kinetic experiments were carried out at 20ºC employing an initial dye solution concentration of 80 mg/ᐉ and an adsorbent concentration of 5 g/ᐉ. Samples were withdrawn from the system at suitable time intervals and centrifuged.
Batch equilibrium experiments were conducted in 125 mᐉ conical flasks with a total sample volume of 50 mᐉ for each adsorption run at 20ºC. Equilibrium was attained by agitating the samples in a reciprocating shaker. Subsequently, a known volume of the solution was removed and centrifuged to allow analysis of the supernatant.
The effect of pH on the adsorption of Methylene Blue onto both adsorbents was investigated by varying the initial pH value of the solution from 3 to 10. The effects of the adsorbent concentration and the ionic strength of NaCl solution (0.05, 0.1 and 0.5 mol/ᐉ) on the Methylene Blue uptake were then examined. Temperature control was provided by the water bath shaker. The solution pH was adjusted by the addition of HCl and/or NaOH and the value recorded employing a PHS-3C pH meter. 
Data analysis
The amount of dye adsorbed at time t, q t , was calculated from the mass balance equation:
(1)
where C 0 is the initial concentration of the solute in the solution (mg/ᐉ), V is the volume of the aqueous phase (ᐉ) and m is the amount of adsorbent used (g). Similarly, the removal efficiency was computed via equation (2):
(2)
When the time t (min) is equal to the equilibrium contact time, C t = C e , q t = q e , then the amount of dye adsorbed at equilibrium, q e , may be calculated using equation (1).
RESULTS AND DISCUSSION
Effect of initial pH
It is well documented that the solution pH is an important parameter which influences dye adsorption from aqueous solutions. Figure 2 shows the effect of the initial pH value on the adsorption of Methylene Blue onto both adsorbents, LJ and AW. Examination of the data depicted in Figure 2 shows that the adsorption of Methylene Blue onto both adsorbents was independent of pH. Accordingly, in all subsequent experiments, the initial pH value of the solution was adjusted to ca. 7.0. Figure 3 shows the adsorption of Methylene Blue onto LJ and AW as a function of the adsorbent concentration. It will be seen that increasing the adsorbent concentration led to an increase in the removal efficiency but a decrease in the specific adsorption capacity. Consequently, in the following experiments, an adsorbent concentration of 5 g/ᐉ was employed for both adsorbents. 
Effect of adsorbent concentration
Adsorption kinetics
Adsorption kinetic experiments were undertaken with both adsorbents in order to evaluate the equilibrium time for the adsorption process. As shown in Figure 4 , equilibrium was presumed to have been achieved after a contact time of 120 min for both adsorbents. However, to ensure complete equilibrium, samples were shaken for 180 min in all subsequent experiments. In order to investigate the adsorption kinetics of Methylene Blue onto both adsorbents, the pseudo-first-order (Lagergren 1898) and pseudo-second-order (Ho et al. 2000) kinetic equations were applied to the data obtained. The pseudo-first-order kinetic equation may be expressed as:
where q t (mg/g) is the amount of adsorbate adsorbed at time t (min), q e (mg/g) is the adsorption capacity at equilibrium, k 1 (1/min) is the pseudo-first-order rate constant and t (min) is the contact time. After integration and applying the boundary conditions q t = 0 at t = 0 and q t = q e at t = t, the corresponding linearized integrated form of equation (3) becomes:
In(1 -q t /q e ) = -k 1 t (4)
allowing the values of k 1 to be obtained from the slope of the plot of ln(1 -q t /q e ) versus time t. Figure 5 shows the plots of the linearized form of the pseudo-first-order kinetic equation for the adsorption of Methylene Blue onto both adsorbents. The values of the pseudo-first-order rate constants (k 1 ) obtained together with the corresponding correlation coefficients (r) are listed in Table 2 . The results show that the experimental data satisfactorily conformed to the pseudo-firstorder kinetic model.
The pseudo-second-order kinetic equation may be written as:
where k 2 [g/(mg min)] is the pseudo-second-order rate constant. For the boundary conditions q t = 0 at t = 0 and q t = q e at t = t, the linearized integration form of equation (5) becomes: t/q t = 1/k 2 q 2 e + 1/q e t
If the pseudo-second-order kinetic equation is applicable, the plot of t/q t versus t should be linear, allowing k 2 to be determined from the slope. Plots of the linearized forms of the pseudo-second-order kinetic equation for both adsorbents are presented in Figure 6 . Examination of the data shows that the pseudo-second-order equation described the adsorption of Methylene Blue onto both adsorbents extremely well over the whole time range studied. The pseudo-second-order rate constants (k 2 ) together with the corresponding correlation coefficients are also listed in Table 2 .
Because the two above kinetic equations cannot provide a definite identification of the adsorption mechanism Crini and Badot 2008) , the empirical intraparticle diffusion model was used to interpret the kinetic data in the present study. The intraparticle diffusion equation was applied in the following form (Weber and Morris 1962): q t = K D t 0.5 (7) where q t (mg/g) is the amount adsorbed at time t (min) and K D [mg/(g min 0.5 ) is the intraparticle diffusion constant. If the rate-limiting step is intraparticle diffusion, a plot of the amount of solute adsorbed against the square root of the contact time should yield a straight line passing through the origin. Equation (7) was employed to construct a plot of q t versus the square root of time for both adsorbents. The double linear nature of the corresponding plots obtained over the entire time range investigated for the removal of Methylene Blue by both adsorbents is shown in Figure 7 . These results show that intraparticle diffusion played an important role in the removal of Methylene Blue by both adsorbents from aqueous solution.
Adsorption isotherm
The equilibrium adsorption isotherms obtained for the Methylene Blue/LJ and Methylene Blue/AW systems shown in Figure 8 were evaluated using the following two commonly used isotherm equations: Langmuir isotherm (9) where K f [(mg/g)/(mg/ᐉ) 1/n ] and n (dimensionless) are the Freundlich constants for the system, being indicators of the adsorption capacity and adsorption intensity, respectively, while q m (mg/g) is the maximum amount of adsorbate per unit weight of adsorbent necessary to form a complete monolayer on the surface and b (ᐉ/mg) is a constant related to the affinity of the binding sites. The corresponding constants were obtained using non-linear regression analysis and the results are listed in Table 3 . The magnitude of K f and 1/n suggest an easy uptake by AW of Methylene Blue from aqueous solution with a high adsorptive capacity. The values of 1/n were between 0 and 1, indicating that adsorption by both adsorbents towards Methylene Blue was favourable. On the basis of the q m values, the adsorption of Methylene Blue by both adsorbents followed the sequence LJ > AW. However, the larger value of b implies that the bonding of Methylene Blue onto AW was stronger. 
Effect of background electrolyte
It is well known that typical dyeing systems contain certain additives such as salts which can either accelerate or retard dye adsorption processes. For example, sodium chloride is often used as a stimulator in dyeing processes (Crini and Badot 2008) . Accordingly, the ionic strength of the system is important and its effect on the adsorption of Methylene Blue onto both adsorbents should be examined. The distribution coefficient, K D (g/ᐉ), has been used to express the adsorption affinity of a solid adsorbent towards a solute (Lv et al. 2004 ) and in the present case its value has been employed to assist in understanding the affinities of both adsorbents towards Methylene Blue. The quantity K D may be defined as:
where q e (mg/g) and C e (mg/ᐉ) are the concentrations of Methylene Blue adsorbed and remaining in aqueous solution at equilibrium, respectively. The impact of the background electrolyte on the value of the distribution coefficient at pH 7.0 and 20 o C is shown in Figure 9 , where the distribution coefficient for Methylene Blue is seen to decrease with increasing added NaCl concentration. This behaviour can be explained as follows. The Na + and Clions generated by the dissociation of NaCl in aqueous solution may screen the electrostatic interaction between opposite charges on the adsorbent surfaces and the Methylene Blue molecules, so that an increase in NaCl concentrations could lead to a decrease in the amount of Methylene Blue adsorbed.
Comparison with other adsorbents
The maximum uptake capacities (q m ) of both adsorbents for Methylene Blue at 20ºC and other adsorbents reported in the literature are listed in Table 1 . The results indicate that the maximum adsorption capacities obtained for both adsorbents in this study were higher relative to those obtained for many other low-cost adsorbents. The economics of both adsorbents used in this study arise mainly from the cost of harvesting (relatively cheap), drying, grinding, packing and transportation; all these are very low compared to the cost of commercial activated carbon. Hence, it is believed that the adsorption of Methylene Blue by dried alligator weed and Laminaria japonica biomass appears to be a cheap and efficient alternative.
CONCLUSIONS
The adsorption of the Basic dye Methylene Blue onto non-living biomass of brown marine algae (Laminaria japonica) and freshwater macrophyte (alligator weed) was investigated employing a batch experimental system. The following conclusions arise from the studies undertaken:
1. The adsorption of Methylene Blue onto both adsorbents was almost independent of pH.
2.
Methylene Blue adsorption by both adsorbents was initially very rapid. The kinetic data were well described by both the pseudo-first-order and pseudo-second-order equations.
Internal diffusion played an important role in the mass-transfer process.
3.
The equilibrium adsorption data for both adsorbents were well correlated by the Freundlich and Langmuir isotherms. 4.
The removal efficiency increased and the specific adsorption capacity decreased with increasing adsorbent concentration for both adsorbents investigated.
5.
The uptake of Methylene Blue decreased with increasing ionic strength for both adsorbents. 6.
The adsorbents investigated in this study could serve as low-cost alternatives for the removal of Methylene Blue from aqueous solution.
